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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 

a PBS RSA in PBS b C 

Wasovist 
Conc. 

OM --> 

10M - 

20M --> 

40M --> 

80M --> 

160M --> 

Figure 6. 

120 120 
O PBS with Wasovist PBS with Wasoyist 

100 - A 45% Albumn in PBS with Vasovist a 45% Album in in PBS with Vasovist 
2 e 
2 80 80 
9 9. 
- 60 - 60 

s 
N N 

40 40 
E E 

s 

O 20 O 20 
Z 2 

O O 
50 100 150 200 O 50 100 150 200 

Vasovist Conc. M Wasovist Conc. iM) 

  



U.S. Patent Aug. 23, 2016 Sheet 6 of 19 US 9.423,480 B2 

Figure 7. 

Spin echo sequence with AB 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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Figure 11. 
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Figure 12. 
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Figure 13. 
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Figure 14. 
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Figure 15. 
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Figure 16. 
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Figure 17. 
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Figure 18. 
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Figure 20. 
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SYSTEMAND METHOD FOR MAGNETIC 
RESONANCE MAGING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 61/108,734 to Alford et al. filed on Oct. 27, 
2008 entitled “System and Method for Magnetic Resonance 
Imaging, the content of which is incorporated herein by 
reference. 

FIELD OF THE INVENTION 

This specification relates generally to magnetic resonance 
imaging and more particularly, to a system and method for 
producing image contrast in magnetic resonance imaging. 

BACKGROUND OF THE INVENTION 

Molecularimaging is the in vivo study and measurement of 
biological processes at the molecular level (1). Nuclear Mag 
netic Resonance (NMR) Imaging, or Magnetic Resonance 
Imaging (MRI) as it is commonly known, is a non-invasive 
imaging modality that can produce high resolution, high con 
trast images of the interior of a subject. MRI involves the 
interrogation of the nuclear magnetic moments of a sample 
placed in a strong magnetic field with radio frequency (RF) 
magnetic fields. During MRI the Subject, typically a human 
patient, is placed into the bore of an MRI machine and is 
Subjected to a uniform magnetic field Bo produced by a polar 
izing magnet housed within the MRI machine. Radio fre 
quency (RF) pulses, generated by RF coils housed within the 
MRI machine in accordance with a particular localization 
method, are typically used to scan target tissue of the patient. 
MRI signals are radiated by excited nuclei in the target tissue 
in the intervals between consecutive RF pulses and are sensed 
by the RF coils. During MRI signal sensing, gradient mag 
netic fields are switched rapidly to alter the uniform magnetic 
field at localized areas thereby allowing spatial localization of 
MRI signals radiated by selected slices of the target tissue. 
The sensed MRI signals are in turn digitized and processed to 
reconstruct images of the target tissue slices using one of 
many known techniques. 
When a target Substance. Such as human tissue, is Subjected 

to the static polarizing magnetic field Bo the individual mag 
netic moments of the spins in the tissue attempt to align with 
the static polarizing magnetic field Bo, but precess about the 
static polarizing magnetic field Bo in random order at their 
characteristic Larmor frequency. The net magnetization vec 
tor lies along the direction of the static polarizing magnetic 
field Bo and is referred to as the equilibrium magnetization 
Mo. In this configuration, the Z component of the magnetiza 
tion or longitudinal magnetization M is equal to the equilib 
rium magnetization Mo. If the target tissue is subjected to an 
excitation magnetic field B, which is in the x-y plane and 
which is near the Larmor frequency, the longitudinal magne 
tization M2 may be rotated, or “tipped into the x-y plane to 
produce a net transverse magnetic moment M. When the 
excitation magnetic field B is terminated, relaxation of the 
excited spins occurs, with a signal being emitted that effects 
the magnitude of radiated MRI signals. The emitted signal is 
received and processed to form an image. 

In particular, when the excitation magnetic field B is ter 
minated, the longitudinal magnetization M2 relaxes back to 
its equilibrium. The time constant that describes how the 
longitudinal magnetization M2 returns to its equilibrium 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
value is commonly referred to as the spin lattice relaxation 
time T. The spin lattice relaxation time T characterizes the 
time required to reduce the difference between the longitudi 
nal magnetization M2 and its equilibrium longitudinal mag 
netization value Mo to Zero. 
The net transverse magnetic moment M also relaxes 

back to its equilibrium when the excitation magnetic field B 
is terminated. The time constant that describes how the trans 
verse magnetic moment M. returns to its equilibrium value 
is commonly referred to as transverse relaxation time or spin 
spin relaxation time T. The transverse relaxation time T. 
characterizes the time required to reduce the transverse mag 
netic moment M to Zero. Both the spin lattice relaxation 
time T and the transverse relaxation time T are tissue spe 
cific and vary with concentration of different chemical sub 
stances in the tissue as well as with different microstructural 
features of the tissue. Variations of the spin lattice relaxation 
time T and/or the transverse relaxation time T from normal 
can also be indicative of disease or injury. 

Like many diagnostic imaging modalities, MRI can be 
used to differentiate tissue types, e.g. muscles from tendons, 
white matter from gray matter, healthy tissue from pathologic 
tissue, etc. There exist many different MRI techniques, the 
utility of each depending on the particular tissues under 
examination. Some techniques examine the rate of tissue 
magnetization, while others measure the amount of bound 
water or the velocity of blood flow. Often, several MRI tech 
niques are used together to improve tissue identification. In 
general, the greater the number of identification methods 
available the better chance of identifying a certain tissue type 
or pathology. 

In some instances, contrast agents or contrast materials 
may be used to emphasize certain anatomical regions. For 
example, a Gadolinium chelate injected into a blood vessel 
will produce enhancement of the vascular system, or the 
presence and distribution of leaky blood vessels. Iron-loaded 
stem cells, injected into the body and detected by MRI, will 
allow stem cell migration and implantation in vivo to be 
tracked. 

Contrast agents can enhance imaging of target sites or 
tissues through the complementary processes of accumula 
tion and activation. Accumulation occurs when the local con 
centration of the contrast agent is increased through meta 
bolic uptake or molecular adhesion leading to localized 
image enhancement. A growing number of contrast agents are 
also activatable, their behavior mediated by interaction with a 
target molecule. Such as a specific protein or macromolecule. 
Contrast agents demonstrating activation are interchangeably 
called “sensing”, “smart’, or “activatable' contrast agents. 

Activatable contrast agents are used in MRI studies to 
improve the specificity of the contrast agent (2). Ideally acti 
Vatable contrast agents produce no image enhancement in the 
inactivated State; however, to date, these contrast agents com 
bined with conventional MRI have shown image intensity 
enhancement in both inactivated and activated States, with 
relatively modest signal intensity ratios between these two 
States. 

Accordingly, there is a continuing need for improvements 
in MRI. It is therefore an object of an aspect to provide a novel 
system and method for producing image contrast in magnetic 
resonance imaging. 

SUMMARY OF THE INVENTION 

Accordingly, in one aspect there is provided a method for 
contrast agent enhanced magnetic resonance imaging (MRI) 
of a target sample, comprising generating a magnetic field 



US 9,423,480 B2 
3 

shift in a polarizing magnetic field during a relaxation portion 
of an MRI pulse sequence and thereafter acquiring an MR 
image. 

In another aspect, there is provided a method of magnetic 
resonance imaging comprising Subjecting a sample to polar 
izing magnetic fields of different strengths and acquiring a 
scan associated with each polarizing magnetic field; and pro 
cessing the scans to generate selective image contrast of said 
sample based on the variation of at least one MR property of 
the sample in response to the different polarizing magnetic 
field strengths. 

In yet another aspect, there is provided a magnetic reso 
nance imaging method comprising performing multiple 
scans of a subject and generating an image for each scan, each 
scan being conducted utilizing a different polarizing mag 
netic field; and processing the images to yield an enhanced 
contrast image, wherein said performing comprises: shifting 
the polarizing magnetic field of an MRI machine in one 
direction during a relaxation portion of a first pulse sequence 
and thereafter acquiring an image; and shifting the polarizing 
magnetic field of the MRI machine in an opposite direction 
during a relaxation portion of a second pulse sequence and 
thereafter acquiring an image. 

In still another aspect, there is provided an MRI machine 
comprising a housing having a bore in which a subject to be 
imaged is placed; a polarizing electromagnet accommodated 
by said housing and generating a generally uniform polariz 
ing magnetic field within said bore; pulse generating coils to 
generate pulses in a sequence to Scan the Subject; and gradient 
coils to encode acquired MRI signals, wherein said gradient 
coils are further configured to generate a shift in the polariz 
ing magnetic field during a relaxation portion of the sequence. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments will now be described, by way of example 
only, with reference to the accompanying drawings in which: 

FIG. 1 is a schematic block diagram of an MRI system; 
FIG. 2 is a cutaway view of an MRI machine forming part 

of the MRI system of FIG. 1; 
FIG.3 is a graph of relaxivity as a function offield strength 

for the activatable contrast agent Vasovist alone (+) or in the 
presence of human (o) or rabbit (A) serum albumin; 

FIG. 4 is a schematic of (a) the T sequence and (b) the T 
sequence of spin-echo pulse sequences where an auxiliary 
magnet-induced AB magnetic field pulse of duration tA has 
been used to modify the strength of the static Bo field during 
a T, relaxation portion of the sequences: 

FIG. 5 shows (a) an experimental sample and its MRI 
resulting in (b) a conventional T weighted image and (c) a T. 
weighted image using the system and method described 
herein; 

FIG. 6 graphs the sample intensities found in the images 
shown in FIGS. 5 (b) and (c); 

FIG. 7 is a schematic of a spin-echo pulse sequence where 
a gradient coil-induced AB magnetic field pulse of duration tA 
has been used to modify the strength of the static Bo field 
during a T relaxation portion of the sequence; 

FIG. 8 shows placement of a target sample offset from the 
iso-center; 

FIG. 9 shows the current path of a conventional longitudi 
nal (i.e., Z-axis) gradient coil; 

FIG. 10 shows the current path of the gradient coil shown 
in FIG.9 modified in accordance with the system and method 
described herein, when the modified gradient coil is used to 
generate a varying magnetic field across an imaging region; 
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4 
FIG.11 shows the current path of the modified gradient coil 

shown in FIG. 10, when the modified gradient coil is used to 
produce a Substantially uniform magnetic field across the 
imaging region; 

FIG. 12 is a graph showing the two magnetic fields that can 
be generated by the modified gradient coil shown in FIGS. 10 
and 11 plotted as a function of the spatial position within the 
imaging region with 0 indicating the iso-center; 

FIG. 13 shows the wire pattern and current flow of the 
modified gradient coil shown in FIG. 10; 

FIG. 14 shows the wire pattern and current flow of the 
modified gradient coil shown in FIG. 11; 

FIG. 15 shows the wire pattern and current flow of a trans 
verse gradient coil, modified in accordance with the system 
and method described herein, when the modified gradient coil 
is used to generate a varying magnetic field across an imaging 
region; 

FIG. 16 shows the wire pattern and current flow of the 
modified gradient coil shown in FIG. 15, when the modified 
gradient coil is used to produce a substantially uniform mag 
netic field across the imaging region; 

FIG. 17 shows a computer simulation of a conventional T 
weighted image of a tumour over its Surrounding interstitial 
fluid at various concentrations of the activatable contrast 
agent, Vasovist; 

FIG. 18 shows a computer simulation of a T weighted 
image of the tumour and Surrounding interstitial fluid as 
shown in FIG. 17 obtained with the tumour positioned at the 
iso-center and using a conventional MRI machine with the 
Z-gradient coil programmed to generate a AB magnetic field 
that is linearly varying across the imaging region; 

FIG. 19 shows the AB magnetic field and tumour position 
used to obtain the image shown in FIG. 18; 

FIG. 20 shows a computer simulation of a T weighted 
image of the tumour and Surrounding interstitial fluid as 
shown in FIGS. 17 and 18 obtained with the tumour posi 
tioned offset from the iso-center and using a conventional 
MRI machine with the Z-gradient coil programmed to gener 
ate a AB magnetic field that is linearly varying across the 
imaging region; 

FIG. 21 shows the AB magnetic field and tumour position 
used to obtain the image shown in FIG. 20; 

FIG. 22 shows a computer simulation of a T weighted 
image of the tumour and Surrounding interstitial fluid as 
shown in FIGS. 17, 18 and 19 obtained with the tumour 
positioned located at the iso-center and using an MRI 
machine with a modified Z-gradient coil programmed togen 
erate a AB magnetic field that is Substantially uniform across 
the imaging region; and 

FIG. 23 shows the AB magnetic field and tumour position 
used to obtain the image shown in FIG. 22. 

DETAILED DESCRIPTION 

Embodiments described in the present specification relate 
to a method and system for magnetic resonance imaging of 
samples which make use of a dynamically controlled MRI 
polarizing magnetic field and a contrast agent or endogenous 
Substance that demonstrates a magnetic field-dependent 
variation in one or more MRI properties. The system and 
method described herein provide increased specificity in MRI 
by utilizing an auxiliary magnetic field to modify the strength 
of the main polarizing magnetic field as a function of time 
during a relaxation portion of an MRI pulse sequence. 

In one embodiment, an auxiliary magnetic field AB is 
applied during a relaxation portion of an MRI pulse sequence. 
More specifically, during the relaxation portion of the MRI 
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pulse sequence the static magnetic field strength Bogenerated 
by the polarizing magnet of an MRI machine is either 
increased or decreased by an amount AB. The auxiliary mag 
netic field may be applied during part, Substantially all, or all 
of the relaxation portion of the MRI pulse sequence. 

Various examples of generating and applying the magnetic 
field AB are described herein. In one embodiment, an elec 
tromagnetic coil insert (AB insert) is incorporated into a con 
ventional MRI machine, to generate a Substantially uniform 
magnetic field, across an imaging region, during a relaxation 
portion of an MRI pulse sequence. In another embodiment, a 
gradient coil in a conventional MRI machine is programmed 
to generate a varying magnetic field, across an imaging 
region, during a relaxation portion of the MRI pulse 
sequence, with the target sample being placed offset from the 
iso-center of the MRI machine. In still another embodiment, 
a gradient coil is modified to generate a Substantially uniform 
magnetic field, across an imaging region, during a relaxation 
portion of the MRI pulse sequence. 

"Iso-center” refers to a location within an MRI machine 
where a varying magnetic field generated by a gradient coil is 
Zero. Thus, in embodiments where a gradient coil induced 
linearly varying magnetic field is produced during a relax 
ation portion of the MRI pulse sequence, offsetting the target 
sample from the iso-center allows for the gradient coil 
induced magnetic field to be non-Zero across the target 
sample. The iso-center typically coincides with the spatial 
center of a magnet assembly in an MRI machine. 

“Relaxation” refers to a return of excited spins to their 
equilibrium distribution in which there is no transverse mag 
netization and/or the longitudinal magnetization is at its 
maximum value and oriented in the direction of the main 
static magnetic field Bo generated by the MRI machine. After 
excitation the transverse magnetization decays toward Zero 
with a characteristic time constant T, and the longitudinal 
magnetization returns toward equilibrium with a characteris 
tic time constant T. The method and system take advantage 
of the change in longitudinal relaxivity vs. magnetic field 
strength, i.e. the relaxivity slope, to produce selective image 
contrast when a contrast agent binds to a given target mol 
ecule. 

Turning now to FIG. 1, an MRI system is shown and is 
generally identified by reference numeral 10. The MRI sys 
tem 10 comprises an operator console 20, a computer system 
40, a system controller 60, a gradient amplifier system 80, an 
RF coil control circuit 100 and an MRI machine 120. The 
operator console 20 allows an operator to control the MRI 
system 10 including the production and display of images. 
The computer system 40 is responsive to commands gener 
ated by the operator console 120 and generates images for 
display. The system controller 60 communicates with the 
operator console 20, the computer system 40, the gradient 
amplifier system 80 and the RF coil control circuit 100 and 
orchestrates the acquisition of images in response to com 
mands generated by the operator console 20. The MRI 
machine 120 communicates with the gradient amplifier sys 
tem 80 and the RF coil control circuit 100. 

The operator console 20 comprises an input device 22, a 
control panel 24 coupled to the input device 22, and a display 
26. The input device 22 can comprise a mouse, joystick, 
keyboard, trackball, touch screen, light wand, Voice control, 
or similar such device, and may be used for interactive geom 
etry prescription. The operator console 20 communicates 
with the computer system 40 overa data communications link 
28 thereby to enable an operator to control the production and 
presentation of images on the display 26. 
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6 
The computer system 40 comprises a number of modules, 

which communicate with each other through a backplane 42. 
As can be seen, the modules of computer system 40 comprise 
an image processor module 44, a CPU module 46, and a 
memory buffer 48, known in the art as a frame buffer for 
storing image data arrays. The computer system 40 is linked 
to a disk storage 50 and a tape drive 52 for storage of image 
data and programs. The computer system 40 communicates 
with the system controller 60 over a high-speed serial data 
communications link 54. 
The system controller 60 also comprises a number of mod 

ules, which communicate with each other through a back 
plane 62. The modules of system controller 60 comprise a CP 
module 64, a pulse generator module 66, a transceiver module 
68, a memory module 70 and an array processor module 72. 
The pulse generator module 66 communicates with the opera 
tor console 20 over a serial data communications link 74. 
The gradient amplifier system 80 comprises Gx, Gy and GZ 

gradient amplifiers 82 to 86 respectively. The gradient ampli 
fiers 82 to 86 receive input gradient pulse data from the 
system controller 60 and generate output gradient pulses that 
are conveyed to the MRI machine 120. 
The RF coil control circuit 100 includes an output RF 

amplifier 102, an input RF preamplifier 104 and a transmit/ 
receive (T/R) switch 106. The output RF amplifier 102 and 
input RF preamplifier 104 communicate with the transceiver 
module 68 of the system controller 60. The T/R switch 106 is 
coupled to the MRI machine 120 and to the RF amplifier 102 
and RF preamplifier 104. 
The MRI machine 120 includes a cryostat 121 having a 

bore 122 to receive a patient P supported on table 123. A 
magnet assembly 124 and RF coils 126 are disposed within 
the MRI machine 120. The magnet assembly 124 includes a 
polarizing electromagnet 128 to generate a uniform static 
polarizing magnetic field Bo and gradient coils 130 that are 
responsive to the output gradient signals generated by the 
gradient amplifiers 82 to 86. Each gradient coil 130 is asso 
ciated with a respective one of the gradient amplifiers. The RF 
coils 126 are coupled to the T/R switch 106. 

In addition to the above components, the MRI system 10 
comprises a physiological acquisition controller 140, a scan 
room interface circuit 142 and a patient positioning system 
144. The physiological acquisition controller 140 is coupled 
to the pulse generator module 66 and to the MRI machine 
120. The scan room interface circuit 142 is coupled to the 
pulse generator module 66, the patient positioning system 
144 and the MRI machine 120. The patient positioning sys 
tem 144 is also coupled to the MRI machine 120. The physi 
ological acquisition controller 140 receives signals from a 
number of different sensors connected to the patient P, such as 
ECG signals from electrodes attached to the patient, and 
conveys the signals to the pulse generator module 66. The 
scan room interface circuit 142 receives input from various 
sensors associated with the condition of the patient and the 
magnet assembly 124 and conveys the signals to the pulse 
generator module 66. The patient positioning system 144 
receives commands from the scan room interface circuit 142 
and in response moves the patient P within the MRI machine 
120 to the desired location for the scan. 
The general operation of the MRI system 10 will firstly be 

described for ease of understanding. During imaging, the 
patient P within the MRI machine 120 is subjected to a uni 
form static polarizing magnetic field Bo produced by the 
polarizing electromagnet 128. RF pulses are then generated 
by the RF coils 126 in a particular sequence and are used to 
scan target tissue of the patient. MRI signals radiated by 
excited nuclei in the target tissue in the intervals between 
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consecutive RF pulses are sensed by the RF coils 126. During 
this MRI signal sensing, the polarizing magnetic field is 
altered by the gradient coils 130 in response to received 
output gradient data thereby to position encode acquired MRI 
signals. 5 
The sequence of RF pulses used to scan the patient P is 

generated by the RF coils 126 in response to pulse sequence 
data received from the pulse generator module 66 of the 
system controller 60 via the transceiver module 68 and RF 
coil control circuit 100. The pulse sequence data determines 10 
the timing, strength and shape of the RF pulses in the pulse 
sequence as well as the MRI signal acquisition window. The 
RF sequence data is generated by the pulse generator module 
66 in response to Scan commands received from the operator 
console 20 via the data communications link 74. 15 
When an RF pulse is to be applied to the target tissue, the 

RF coil control circuit 100 is conditioned to a transmit mode 
by the pulse generator module 66. In the transmit mode, the 
T/R switch 106 couples the output RF amplifier 102 to the RF 
coils 126. RF pulse data generated by the pulse generator 20 
module 66 is converted into an RF pulse via the transceiver 
module 68 and RF amplifier 102 and applied to the RF coils 
126. 
The pulse generator module 66 also generates gradient data 

in response to the scan commands received from the operator 25 
console 20 via the data communications line 74 and conveys 
the gradient data to the gradient amplifier system 80. The 
gradient data determines the timing and shape of the output 
gradient pulses generated by the gradient amplifiers 82 to 86 
that are applied to the gradient coils 130 during scanning. 30 

During MRI signal sensing in the MRI signal acquisition 
window, the pulse generator module 66 conditions the RF coil 
control circuit 100 to a receive mode. In the receive mode, the 
T/R switch 106 couples the input RF preamplifier 104 to the 
RF coils 126. 35 
The MRI signals radiated by excited nuclei in the target 

tissue are sensed by the RF coils 56 and conveyed to the 
transceiver module 68 via the T/R switch 106 and input RF 
preamplifier 104. The amplified MRI signals are in turn 
demodulated, filtered and digitized by the transceiver module 40 
68 and then transferred to the memory module 70. 

After a scan of the target tissue is completed, an array of 
raw k-space data is stored in the memory module 70. The 
array processor 72 Fourier transforms the raw k-space data 
into an array of image data that is conveyed through the serial 45 
data communication link 54 to the computer system 20 where 
it is stored in the disk memory 50. In response to commands 
received from the operator console 20, the image data may be 
archived on the tape drive 52, or it may be further processed 
by the image processor 44 and conveyed to the operator 50 
console 20 for presentation on the display 26. 

FIG. 2 is a cutaway view of the MRI machine 120 and 
illustrates the spatial positioning of the polarizing electro 
magnet 128, RF coils 126, and gradient coils 130 within the 
MRI machine 120. 55 
The system and method described herein provide increased 

specificity in magnetic resonance (MR) molecular imaging 
by utilizing an auxiliary magnetic field to modify the strength 
of the main polarizing magnetic field as a function of time in 
an otherwise standard MRI machine. The response in relax- 60 
ivity of activated contrast agents to the auxiliary magnetic 
field allows for improved imaging of activated contrast agents 
within an MR image. 

Contrast-enhanced MRI can generally be categorized as 
either positive or negative contrast. In positive contrast, image 65 
intensity increases at sites of MR contrast agent accumulation 
as a result of the dominating effect of a decreased longitudinal 

8 
relaxation time T. In negative contrast, image intensity 
decreases at sites of MR contrast agent accumulation as a 
result of the dominating effect of a decreased transverse 
relaxation time T. (3). For illustrative purposes, the system 
and method will be described using activatable T contrast 
agents. 
The strength of a T contrast agent can be described by its 

longitudinal relaxivity, r(s' mM); the larger the relaxivity 
r, the greater its efficiency at increasing the longitudinal 
relaxation rate (R=1/T) of Surrounding tissues and the 
greater its ability to enhance contrast in T. weighted MR 
images. The longitudinal relaxation rate (R) of a tissue 
which has taken up a T contrast agent of concentration CA 
and relaxivity r can be written as R=R+r, CA. 
where R signifies the relaxation rate of unen 
hanced tissue at a particular polarizing magnetic field 
strength Bo. 
The rate of molecular tumbling of a contrast agent in tissue 

is a factor in determining the relaxivity, r (4). Rapidly tum 
bling molecules exhibit lower relaxivities (typically <10 s' 
mM) that decline gradually with increasing magnetic field 
strengths above 0.5 T. Activatable contrast agents are 
designed to bind more specifically and strongly to certain 
proteins or classes of proteins or other macromolecular or 
cellular entities. Upon binding, the resulting decreased tum 
bling rate has been shown to produce a dramatic increase in 
relaxivity r at low magnetic field strengths (e.g. less than 
about 0.5 T), with relatively little enhanced relaxivity at 
higher field strengths (e.g. above 3 T). 

Vasovist or MS-325 (Bayer HealthCare Pharmaceuticals, 
Gadofosveset trisodium) is one particular example of a gado 
linium chelate of similar size to conventional Gd-DTPA. By 
virtue of the addition of a lipophilic diphenylcyclohexyl 
group, this molecule shows strong non-covalent binding to 
human serum albumin (HAS) (5.6). In the presence of human 
serum albumin, the bound form of this contrast agent dem 
onstrates an increase of relaxivity by approximately an order 
of magnitude at 30 Mhz, and approximately four-fold at 60 
MHz. The relaxivity curves of Vasovist in the presence and 
absence of human serum albumin and rabbit serum albumin 
are shown in FIG. 3 (7). In another example, the contrast 
agent bis-5-HT-DTPA(Gd) has been developed as a “sensor' 
of the enzyme myeloperoxidase (8). In the presence of active 
myeloperoxidase, this contrast agent converts from a mono 
meric form with minimal protein binding characteristics and 
relaxivity similar to that of Gd-DTPA, to an oligomeric form 
with stronger protein binding affinity, leading to enhanced 
relaxivity. Another gadolinium-based contrast agent 
EP-2104R (Epix Pharmaceuticals), is currently in clinical 
trials (9). This contrast agent will selectively bind to fibrin, a 
significant component of blood clots (thrombi). Upon bind 
ing, contrast agent EP-2104R demonstrates a 2.3-times 
increase in relaxivity at a magnetic field strength equal to 1.5 
T. 

These three examples of gadolinium-based contrast agents 
represent the promise of activatable MRI contrast agents, but 
also illustrate a limitation of this class of agents. That is, the 
activation-induced relaxivity enhancement may be relatively 
modest, especially at clinical magnetic field strengths of 1.5T 
or 3 T. As a result, it may be difficult to separate intensity 
enhancement due to the presence of the activated contrast 
agent from intensity enhancement due to the presence of 
larger amounts of the non-activated contrast agent. 
To characterize the efficacy of an activatable contrast 

agent, the relaxivity enhancement ratio, that is the ratio of the 
activated relaxivity to the inactivated relaxivity can be 
defined. For Vasovist at a magnetic field strength equal to 1.5 
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T, the relaxivities in the presence and absence of albumin are 
19s' mM and 5.2 s mM respectively, resulting in a 
relaxivity enhancement ratio of 3.7. From FIG. 3 it can be 
seen that the Vasovist relaxivity enhancement ratio peaks in 
the vicinity of a magnetic filed strength equal to 0.5 T. and 
falls quickly for magnetic field strengths above that value. 
The Subject system and method can distinguish between 

signal intensities produced by tissues containing activated 
contrast agent from other sources of signal intensity, using an 
approach termed delta relaxation enhanced MR (DREMR) 
(10). DREMR is an MRI method that produces image con 
trast related to the dependence of relaxation rate upon the 
strength of the applied polarizing magnetic field as a means to 
differentiate the activation (binding) state of a targeted con 
trast agent, where an activated contrast agent demonstrates 
magnetic field dependence while an inactivated contrast 
agent does not. 
The DREMR approach finds its roots in field-cycling 

relaxometry imaging methods used by Carlson et al. (11) as a 
means to differentiate biological tissues. Carlson outfitted a 
64 mTwhole-body MRI with a pulsed electromagnet insert in 
order to modulate the strength of the main polarizing mag 
netic field during an imaging experiment. Carlson was able to 
show that at low magnetic field strengths the R profiles of 
biological tissues contained features such as cross relaxation 
peaks and quadruple dips (12). 

While Carlson used low-field R field variations to identify 
biological tissues, the system and method described herein 
utilize the relative lack of R field dependence of tissues (13, 
14) at higher magnetic field strengths (for example, magnetic 
field strengths greater than about 0.5 T) to suppress signals 
from both unenhanced tissues and tissues enhanced by an 
inactivated contrast agent probe. 

Defining R' and r" as the partial derivatives of R and r 
with respect to the polarizing magnetic field Bo results in 
R-R-r'*CA. Applying the approximation 
that R's0 for magnetic fields above 1.0 T, results in 
the expression R's r'ICA). This simple relation shows that 
the rate of change of the longitudinal relaxation rate (R') 
depends almost exclusively on the rate of change of contrast 
agent relaxivity (r") with magnetic field. While activated 
contrast agents demonstrate high values of r", inactivated 
contrast agents have r" values close to Zero (FIG. 3). For 
Vasovist, the relaxivity slope enhancement ratio (ratio of 
activated r" to inactivated r") is 90 at a magnetic field 
strength equal to 1.5 T. This represents a 25-fold increase over 
the absolute relaxivity enhancement ratio of 3.7 mentioned 
above. The high specificity of DREMR enhancement is not 
specific to Vasovist but applies to any T contrast agent that 
undergoes binding to large molecules (15). 

Transforming R' into image contrast requires the ability to 
dynamically vary the strength of the main polarizing mag 
netic field in an MRI system. Access to such platforms is 
limited to a handful of sites worldwide (16-18). A more 
accessible and convenient approach described herein, 
involves providing conventional MRI machines with the abil 
ity to generate an auxiliary magnetic field (AB) to enable 
variable polarizing magnetic field operation. One Such 
approach involves providing the MRI machine with an elec 
tromagnetic coil insert (AB insert) to enable variable polariz 
ing magnetic field operation. Another approach involves 
reprogramming a gradient coil within the MRI machine to 
enable variable polarizing magnetic field operation. Still 
another approach involves providing the MRI machine with a 
modified gradient coil to enable variable polarizing magnetic 
field operation. 
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10 
The AB auxiliary magnetic field is applied during a relax 

ation portion of an MRI pulse sequence. For convenience, the 
AB magnetic field is applied during the longitudinal relax 
ation portions (T) of the MRI pulse sequence where 
extremely high stability and homogeneity are not necessary. 
The main polarizing magnetic field is not altered by the AB 
auxiliary magnetic field during actual signal sensing or any 
RF pulse application. This means that the normal RF trans 
mit/receive chain can be used without modification. In the 
following paragraphs, the theory and an experimental dem 
onstration of DREMR are presented, using a small-bore 
actively-shielded field-cycling electromagnet within an oth 
erwise conventional 1.5 T clinical MRI machine. 

Various methods can be employed to generate DREMR 
contrast. The simplest method involves the weighted subtrac 
tion of two T weighted images, each image acquired with a 
slightly different MRI pulse sequence. These MRI pulse 
sequences, referred to as the T and T sequences, both 
resemble T weighted sequences; however, in the T 
sequence a magnetic field increasing AB auxiliary magnetic 
field pulse is applied during longitudinal relaxation, while in 
the T sequence a magnetic field decreasing AB auxiliary 
magnetic field pulse is used. In FIG. 4, the T and T 
sequences are shown. Each pulse sequence contains a relax 
ation portion where the static polarizing magnetic field 
strength (Bo) is either increased or decreased by an amount 
AB, as well as a self-contained signal sensing or acquisition 
portion, which may be a conventional imaging sequence Such 
as, spin-echo, fast spin-echo, etc. In this example a spin-echo 
signal acquisition portion is shown. 
On the final line of FIG. 4 the longitudinal magnetization of 

two theoretical tissues is shown. The R magnetization rate of 
the tissue represented by the solid curve is nearly independent 
of magnetic field strength and therefore relaxes identically for 
both the T and T sequences. However the R magnetiza 
tion rate of the tissue represented by the dashed curve is 
highly dependent upon the strength of the magnetic field; 
increasing at lower magnetic field strengths and decreasing at 
higher magnetic field strengths. Subtraction of the images 
produced by the T and To sequences would result in an 
image where the only intensity would be due to the magnetic 
field dependent tissue (dashed curve). The other tissue would 
be completely suppressed (solid curve). 
The following analytic treatment is provided to help 

describe this method. To simplify the analytic treatment it is 
assumed that each relaxation portion begins with a Saturation 
RF pulse to eliminate any preexisting longitudinal magneti 
Zation; however, other initialization states could be used in a 
similar analysis. The effect of finite ramping times for the AB 
auxiliary magnetic field pulse will be ignored. Starting at 
Curie's Law, the steady state longitudinal magnetization (Mo) 
is proportional to the amplitude of the applied magnetic field. 
Following the completion of a AB auxiliary magnetic field 
pulse of duration t the longitudinal voxel magnetization 
(MZ) is equal to Mo'exp(1-tAR). Besides effecting R, 
modification of the polarizing magnetic field Bo results in the 
longitudinal Voxel magnetization MZ being reduced by a fac 
tor of (B-AB)/Bo by the negative ABauxiliary magnetic field 
pulse, and increased by a factor of (B-AB)/Bo by the positive 
AB auxiliary magnetic field pulse. In the following, longitu 
dinal magnetization formulae the + and - Subscripts on M, 
will indicate whether the longitudinal Voxel magnetization 
M was formed during a positive or negative AB auxiliary 
magnetic field pulse. R will indicate the longitudinal relax 
ation rate of the sample at the reduced polarizing magnetic 
field strength of Bo-AB, while R indicates the R at an 
increased polarizing magnetic field strength. Note that R. 
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may be greater than R. The longitudinal Voxel magnetiza 
tion following negative and positive AB auxiliary magnetic 
fields are expressed by Equations 1 and 2 below: 

Bo - AB 1 
M = Mo. B 1 - exp(-i A. R. ) 

O 

Bo + AB 2 
M = Mo. 1 - exp(-i A. R.) 

Bo 

Image voxel intensity is determined by the combined 
actions of the signal acquisition module, MRI machine signal 
detection hardware, and console software. For simplicity it 
will be assumed that the final image intensity is a product of 
the actual voxel magnetization (M), and a single positionally 
dependent term, k, that incorporates proton density, RF coil 
homogeneity, transverse relaxation time, and any other scal 
ing factors. The resulting image intensity (absolute value) in 
each pixel I(X, y) is then related to voxel magnetization and 
expressed as I(x, y)=k(x, y, r)M(r). Forming the DREMR 
image requires taking the weighted difference of the I and I 
images. Due to the different equilibrium magnetization intro 
duced by the perturbation magnetic field, the image magni 
tudes I and I must be normalized prior to subtraction: 

Bo I.- Po 
B - ABT' BAB Isab. = - 

If the assumption is made that R' is constant in the vicinity 
of Bo then it is possible to approximate the resulting image 
intensity by the following expression, wherein AR is the 
absolute change in R from Bo to BotAB: 

Iss2k. Mosin h(tAAR1) exp(-i AR) 4 

There are two non-linear terms in Equation 4, namely the 
hyperbolic sine and exponential decay functions. The hyper 
bolic sine term, though non-linear, is responsible for the dis 
tinctive contrast produced by this method. It indicates that 
difference in intensity between voxels in the final DREMR 
image will be related to the R values of those voxels. 
The exponential decay function results in image shading 

when the longitudinal relaxation time t is set too long and the 
Voxel magnetizations of the I and I images begin to Saturate. 
This is comparable to using a T much longer than T when 
taking a T weighted image. If t is chosen so that the maxi 
mum product oftAR is less than 0.2, then maximum shading 
is limited to at most 20 percent. In the same way, ift is chosen 
so that the maximum product oft AR is less than 0.5 then 
nonlinearity effects are limited below 5%. Equation 5a shows 
that with the appropriate choice oftAimage intensity becomes 
linear with AR. Equation 5b expresses the result more 
explicitly with AR replaced by the product of R and AB; 
that is, the slope of R multiplied by the strength of the 
magnetic field shift: 

Iss2k MotA'AR1 5a 

Iss2k'MotAABR 

This is the simplest implementation of DREMR. With this 
implementation, it is possible to produce image intensities 
that depend on the change in R rather than in R itself. 
Activatable contrast agents of the types described herein all 
produce major changes in R' upon activation, even if the 
enhancement in R is much smaller. This mathematical basis 

5b) 
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for one implementation of DREMR illustrates its potential 
application to the specific imaging of activatable MRI con 
trast agent probes. 
DREMR results in a reduction of signal to noise ratio 

(SNR). Because of the restrictions placed previously, that is 
tAR-0.2, the SNR of the constituent images, I and I, after 
normalization can be approximated as kMotAR/O where O 
is uncertainty in the images after normalization. Dividing 
Equation 5b by O gives the SNR of the DREMR image. This 
result can be written in terms of the SNR of the source images 
aS 

SNRs-V2. AB-RWR-SNR 6 
Equation 6 again involves an approximation; it is assumed 

the magnetic field shifts about Bo are Small enough such that 
the uncertainties of the I and I images are identical. When 
the magnetic field shifts are larger, the SNR equation must 
take into account the different uncertainties in each image. 

For an R'. AB (AR) of 1s and an R of 10 s', the SNR 
of the DREMR image drops to 14% of the SNR of the source 
image. Beyond simply gauging the loss in SNR, Equation 6 
illustrates that the maximum SNR would be produced by 
contrast agents that demonstrate a sharp change in r (large 
r") for a small value ofri. Evaluation of ther '/r of a molecu 
lar probe may provide a basis for evaluating which molecular 
probes would benefit from DREMR contrast. 

This derivation has outlined the most basic method to pro 
duce DREMR contrast. Other more complicated methods 
could certainly be applied. A double subtraction method for 
example could utilize several inversion pulses as well as 
several AB auxiliary magnetic field pulses to achieve 
DREMR contrast without subtraction. 
The DREMR approach is now illustrated with reference to 

the following examples that provide experimental and com 
puter simulated results. 

Example 1 

To demonstrate the feasibility of the DREMR approach, 
the contrast agent Vasovist (MS-325) was imaged in the pres 
ence and absence of rabbit serum albumin (RSA). As shown 
in FIG.3, Vasovist preferentially binds to albumin, producing 
moderate enhancement in the inactivated State and higher 
enhancement in the activated State. The particular choice of 
agent/protein pair was based by the availability of the contrast 
agent and its well-documented relaxivity mechanisms, rather 
than any specific clinical or research interest in albumin. 
An MRI phantom (see FIG. 5a) was constructed that held 

two columns of six rows of glass tubes; each tube 3 cm in 
length with a 0.4 mL capacity. The sample tubes in the left 
column were filled with 0.01 M phosphate buffered saline 
(PBS) (NaCl 0.138M, KC100027M, pH 7.4 at 25° C). The 
right column of sample tubes held a solute of rabbit serum 
albumin (Sigma-Aldrich, batch 104K7560, agarose gel elec 
trophoresis) in PBS. The albumin, purchased as a lyophilized 
powder, was dissolved in PBS, at a 4.5% weight to volume 
ratio resulting in -0.67 mM concentration. Vasovist (0.25 
mmol/mL) was added in equal concentration to both columns 
to achieve sample concentrations of 0, 10, 20, 40, 80 and 160 
uM as a function of descending rows. 
Imaging was performed on a Sigma LX 1.5 T clinical MRI 

machine (General Electric Healthcare), equipped with an 
actively shielded electromagnetic AB insert (19). The AB 
insert, designed to generatetAB auxiliary magnetic field 
pulses, had an efficiency of 0.7 mT/A, weighed approxi 
mately 150 kg and was designed to facilitate the imaging of 
animals as large as rabbits. The AB insert was driven by a pair 
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of Techron 8607 gradient amplifiers arranged in a master/ 
slave series configuration enabling a maximum bipolar out 
put of 100A. Input waveforms to the gradient amplifiers were 
generated by National Instruments data acquisition hardware 
and controlled via software written in LabView (National 
Instruments, version 8.2). Waveform synchronization 
between the data acquisition device and the MRI console was 
achieved by means of the scope trigger output of the console 
electronics. 
The following spin-echo pulse sequence parameters were 

used for all images that were combined to produce the final 
DREMR image: 150 ms pulse repetition time, 10 ms echo 
time, 31 kHz bandwidth, 8 cm field of view and 10 mm slice 
thickness. The scan time was 24 S for each image. For each 
row of k-space, 70 mT AB auxiliary magnetic field pulses 
were applied for 100-ms intervals. The AB auxiliary magnetic 
field pulses were timed to end 10 ms prior to image acquisi 
tion to give both the polarizing magnetic field and amplifiers 
time to stabilize. 

For Timages the polarizing magnetic field was increased 
by 70 mT during the relaxation portion of the MRI pulse 
sequence. Likewise for T images the polarizing magnetic 
field was decreased by the same amount. Ten pairs of Tand 
T. weighted images were acquired for the samples held at 
21° C. Acquisitions of T and T enhanced images were 
interleaved to minimize heating of the amplifiers. The posi 
tively enhanced images were then averaged into a single 
dataset, as were the negatively enhanced images. The result 
ing two datasets were normalized and the absolute difference 
taken to produce contrast related to the magnetic field depen 
dence of R. Unlike in the theoretic treatment a saturation 
pulse was not applied prior to the AB auxiliary magnetic field 
pulse. Standard T. weighted spin-echo images using the same 
MRI pulse sequence parameters were acquired for compari 
SO. 

FIG. 5b shows the standard T. weighted spin-echo image 
of the samples. As expected, the intensity of both columns 
increased from top to bottom with concentration of Vasovist. 
The measured average intensity within each sample is plotted 
in FIG. 6a. The error bar on each data point indicates the 
standard deviation of voxel intensity throughout the corre 
sponding sample. Both sets of samples, albumin solution and 
PBS, demonstrated significant dependence on Vasovist con 
centration. Because the range of intensities of the albumin 
samples (A) were not clearly separated from those of the PBS 
samples (O) but in fact were appreciably overlapped, it is 
clear that without prior knowledge of Vasovist concentra 
tions, it would not be possible to differentiate the albumin 
containing sample from PBS-only samples based on T. 
weighted image intensity alone. 

FIG. 5c illustrates the absolute difference of the EAB aux 
iliary magnetic field datasets. The figure shows the entire 
dynamic range without thresholding. The average intensity 
from each of the samples is plotted in FIG. 6b. The standard 
deviation of Voxel intensities within each sample is again 
expressed as an error bar. While the image intensity of albu 
min samples continued to demonstrate dependence on Vaso 
vist concentration, the PBS samples were significantly Sup 
pressed. The intensities of all PBS samples were suppressed 
well below the intensity of the weakest albumin-loaded 
sample, which had only a 10 uMVasovist concentration. Thus 
a Substantially increased specificity to albumin was obtained 
through DREMR imaging. 

Intensity variations in the DREMR image were seen to 
increase by a factor of 2.5 times those of the T weighted 
image as indicated by the larger error bars in FIG. 6b com 
pared to FIG. 6a. This was due to the combined effects of 
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SNR loss and introduction of subtraction artefacts. Subtrac 
tion artefacts appear as a mottling across the samples and are 
due to instabilities in the polarizing magnetic field Bo during 
image acquisition; instabilities most likely introduced by 
rapid switching of the AB insert. Subtraction artefacts were 
localized to positions having significant image intensity in the 
constituent images whereas noise increased across the entire 
image. Even with active shielding, minor inductive coupling 
between the AB insert and the MRI machine has the potential 
to produce eddy currents in the cryostat and Superconductive 
windings of the polarizing electromagnet. These eddy cur 
rents could destabilize the main polarizing magnetic field, 
causing minor slice selection errors and errors in the RF tip 
angle. To counter this potential problem, the AB insert was 
used as an active shim during image acquisition. 

Example 2 

The embodiments described in this Example allow for 
generation of an auxiliary magnetic field, without the need for 
the auxiliary electromagnetic insert described in Example 1. 
The embodiments described in this Example involve eitheran 
unmodified MRI system or an MRI system comprising a 
modified gradient coil system. The modified gradient system 
may be used to produce both linearly varying and uniform 
polarizing magnetic fields across the imaging region. 

In FIG. 7 one embodiment is shown in which a standard 
spin-echo pulse sequence has been modified to include gra 
dient-induced magnetic field pulses during the relaxation por 
tion of the MRI pulse sequence. The choice of spin-echo pulse 
sequence is consistent with FIG. 4 which used a spin-echo 
pulse sequence to generally illustrate the timing of AB aux 
iliary magnetic field generation. FIG. 7 shows that all three 
gradient coils (Gs, Gp, and Gf, also known as GZ, GX and Gy. 
respectively) are applied at the same time to generate AB 
auxiliary magnetic field pulses throughout time TA. TA 
occurs within the T relaxation portion of the pulse sequence. 
(TA in FIG. 7 and tA in FIG. 4 are used interchangeably to 
designate the AB auxiliary magnetic field pulse duration). In 
conventional MRI none of the gradient coils pulse during a 
relaxation portion of the MRI pulse sequence, as represented 
by the dashed lines in FIG. 7. Conventionally, gradient coils 
are only pulsed during an image acquisition portion of the 
MRI pulse sequence. For simplification, the reversal of the 
AB auxiliary magnetic field as shown in FIG. 4(b) is not 
shown in FIG. 7. 
When an MRI machine, equipped with a traditional gradi 

ent coil set is used, the target being imaged may require 
placement away from iso-center (FIG. 8). The strength of the 
AB magnetic field shift produced by the unmodified gradient 
coil is at its maximum at the very edge of the imaging region, 
and therefore to optimize contrast the target being imaged 
may be placed at the edge of the imaging region. 

In another embodiment, one or more of the gradient coils of 
the MRI machine are modified to generate a substantially 
uniform non-zero auxiliary magnetic field across the imaging 
region image during the relaxation portion of the MRI pulse 
sequence. Therefore, the positioning of the target with respect 
to the iso-center is not needed to optimize contrast. FIG. 9 
shows a schematic of a typical unmodified longitudinal gra 
dient coil connected to a set of amplifiers. The typical longi 
tudinal gradient coil can be thought of as two distinct coils 
electrically wired in series. By electrically separating the two 
halves of the gradient coil and attaching each half to a sepa 
rate amplifier, each half of the gradient can be independently 
controlled. 
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When both amplifiers cause current to flow with the same 
polarity (FIG. 10), the modified gradient coil behaves in the 
typical gradient coil fashion and a linearly varying magnetic 
field is produced for MR image formation (plotted as Gra 
dient Mode in FIG. 12). When the amplifiers cause current 
with opposite polarities to flow (FIG. 11) the modified gradi 
ent coil behaves as a AB coil, in that it generates a Substan 
tially uniform auxiliary magnetic field across the imaging 
region (plotted as AB mode in FIG. 12), ideally producing a 
magnetic field shift that is invariant with position. 

In its intended operation, a modified gradient coil will 
produce a constant auxiliary magnetic (AB) field during the 
relaxation portion of the MRI pulse sequence (FIG. 7) and a 
varying magnetic (gradient) field during the imaging portion 
of the MRI pulse sequence. Thus, a single gradient coil can be 
used to create the magnetic field shift during the relaxation 
portion of the MRI pulse sequence for contrast enhancement, 
and the varying magnetic field shift required for acquiring 
spatial MRI image formation. 

FIGS. 13 and 14 show the wire pattern for one particular 
embodiment of a modified gradient coil. Current direction is 
indicated by the color coding of the wire; black indicates that 
current flow is parallel to the X-axis and grey indicates anti 
parallel current flow. In FIG. 8, the gradient coil behaves like 
a traditional gradient coil. In FIG. 9 the current direction is 
reversed in the top half of the coil and the modified gradient 
coil behaves like a AB coil. 

In some embodiments similar approaches may be used to 
modify the transverse (X and y) gradient coils to allow dual 
operation as either a conventional gradient coil or a AB coil. 
Current direction is indicated by the color coding of the wire; 
black lines indicate current flow parallel to the y-axis and grey 
lines indicates current flow anti-parallel to the y-axis. FIG. 15 
shows the wire pattern of a particular embodiment of a trans 
verse gradient coil when used in gradient mode. When the 
polarity of current is changed in half of the gradient coil only 
(FIG. 16), the coil acts as a AB coil and produces a uniform 
magnetic field profile. 

Embodiments that provide conventional gradient coils 
with the target in the iso-center, conventional gradient coils 
with the target offset from the iso-center, and a modified 
longitudinal gradient coil with the target in the iso-center 
were analyzed using computer simulations. As a comparator, 
a standard T. weighted image was also produced. 

For each of the computer simulations (shown in FIGS. 17. 
18, 20 and 22) the target being imaged is a tumour (repre 
sented by a circle) that is surrounded with interstitial fluid 
(each quadrant representing a distinct concentration of Vaso 
vist). The tumor contains the protein albumin, which is not 
found in the surrounding fluid. Albumin binds to the contrast 
agent Vasovist. Vasovist is used to enhance the tumor, but due 
to leaky vasculature also enhances the interstitial fluid. Inside 
the tumor the concentration of Vasovist is 20 uM, while 
outside the tumor the concentration of Vasovist varies from 20 
to 160 uM as shown in FIG. 17. The tumour and interstitial 
fluid Vasovist and albumin concentrations are identical for 
each of FIGS. 17, 18, 20 and 22. 
As a comparative example, a standard T. weighted image 

of the tumour is shown in FIG. 17. FIG. 17 shows that stan 
dard T. weighting is insufficient to enhance the tumour over 
the interstitial fluid. 
DREMR can be used to create image contrast that prefer 

entially enhances locations where the protein albumin has 
bound the Vasovist contrast agent (e.g. inside the tumour). 
DREMR uses an auxiliary magnetic field shift to produce the 
unique contrasts. In these computer simulation examples the 
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16 
auxiliary magnetic field, AB, is achieved by the longitudinal 
gradient coil of the MRI system. 

FIG. 18 shows a simulated DREMR image of the tumour. 
The DREMR contrast has been created by applying a linearly 
varying magnetic field across the image. During the relax 
ation portion of each pulse sequence, the AB auxiliary mag 
netic field increases from -10 mT on the left to 10 mT on the 
right to produce a first T. weighted image. The AB auxiliary 
magnetic field is then reversed to produce a second T 
weighted image. Subtraction of the first and second T 
weighted images produces the DREMR image. In the con 
ventional method used to produce the image in FIG. 17 no 
Subtraction occurred and no AB auxiliary magnetic field was 
generated during the relaxation portion of the MRI pulse 
Sequence. 

FIG. 19 shows the setup for FIG. 18. The tumour is located 
at the iso-center where the gradient magnetic field changes 
from positive to negative. As a result of DREMR performed in 
this setup, and as seen in FIG. 18, the background of the 
tumour has been Suppressed, but the cost to image quality is 
quite high. More specifically, FIG. 18 shows that in the 
middle of the tumour (circle) there is no contrast between the 
tumour and the background, as the middle of the tumour 
coincides with the iso-center. 

FIG. 20 shows a simulated DREMR image where the 
sample has been shifted off-axis, but is otherwise the same 
setup as used for FIG. 18. The AB auxiliary magnetic field 
increases from 20 mT on the left to 40 mT on the right to 
produce a first T. weighted image. The AB auxiliary magnetic 
field is then reversed to produce a second T. weighted image. 
Subtraction of the first and second T. weighted images pro 
duces the DREMR image. FIG. 20 shows a significant 
improvement over FIGS. 17 and 18; however some shading 
still exists across the tumour. Further improvements in image 
quality can be achieved as a function of averaging and/or 
offset positioning from multiple axes. 

FIG. 21 shows the setup for FIG. 20. The tumour has been 
placed off-axis where the AB auxiliary magnetic field gener 
ated by the gradient coil during the relaxation portion of the 
pulse sequence is consistently positive (shown), or consis 
tently negative when the AB auxiliary magnetic field is 
reversed (not shown). 

FIG. 22 shows a simulated DREMR image where the 
sample is at iso-center and a modified gradient coil as shown 
in FIGS. 10 to 14 has been used to generate a substantially 
uniform AB auxiliary magnetic field at all points across the 
imaging region. The AB auxiliary magnetic field of 40 mT is 
used to produce a first T. weighted image. The AB auxiliary 
magnetic field is then reversed at -40 mT to produce a second 
T. weighted image. Subtraction of the first and second T 
weighted images produces the DREMR image. The image 
shown in FIG. 22 benefits from a lack of shading across the 
tumour, thereby increasing contrast over the background 
interstitial fluid. Furthermore, this image quality can be pro 
duced independent of the positioning of the target sample, 
including positioning at the iso-center. 

FIG. 23 shows the setup for FIG. 22. The tumour is placed 
at the iso-center similar to the setup for FIG. 18, but because 
the modified gradient coil generates a Substantially uniform 
AB auxiliary magnetic field across the target sample an 
improved image is obtained in FIG.22 compared to FIGS. 17. 
18 and 20. 
The Software application used to drive the electromagnetic 

AB insert, the gradient coil, or the modified gradient coil may 
run as a stand-alone application or may be incorporated into 
other available applications to provide enhanced functional 
ity to those applications. The Software application may com 
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prise program modules including routines, programs, object 
components, data structures etc. and may be embodied as 
computer readable program code stored on a computer read 
able medium. The computer readable medium is any data 
storage device that can store data, which can thereafter be 
read by a computer system. Examples of computer readable 
media include for example read-only memory, random-ac 
cess memory, CD-ROMs, magnetic tape and optical data 
storage devices. The computer readable program code can 
also be distributed over a network including coupled com 
puter systems so that the computer readable program code is 
stored and executed in a distributed fashion. 

In one particular embodiment, the method and system take 
advantage of the change in longitudinal relaxivity vs. field 
strength, i.e. the relaxivity slope, to generate selective image 
contrast occurring when a contrast agent binds to a given 
target molecule. In other embodiments, variations other than 
the slope may be examined. 

The system and method have been described in respect of 
embodiments relating to T. relaxation times and T contrast 
agents. In other embodiments, the system and method may be 
adapted to produce image contrast related to the magnetic 
field dependence of T contrast agents. 
The system and method described herein is readily appli 

cable to any type of MRI machine, for example bore or 
gap-type MRI machines. 
The polarizing magnetic field Bo generated by the MRI 

machine may be of any desired strength, but will typically be 
greater than 0.2 T. 
The system and method have been described with respect 

to embodiments where an auxiliary magnetic field is provided 
by either an insert or a gradient coil. It will be recognized that 
various MRI pulse sequences may be combined with gradient 
pulses during the relaxation portion of the pulse sequence to 
produce image contrast. Any number of gradient coils may be 
used to generate the AB magnetic field during the relaxation 
portion of the pulse sequence, for example one gradient coil 
may be used alone or multiple gradient coils may be used in 
combination. Any conventional gradient coil can be repro 
grammed or modified in accordance with the system and 
method described herein, including for example flat or planar 
gradient coils. 
When offsetting a target from the iso-center, the target may 

be offset along one or more of the x, y and Z axis of a Cartesian 
coordinate system. 
The above-described embodiments are intended to be 

examples and alterations and modifications may be effected 
thereto, by those of skill in the art, without departing from the 
scope of the invention which is defined by the claims 
appended hereto. 
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What is claimed is: 
1. An MRI machine comprising: 
a housing having abore for accommodating a target having 

a concentration of a contrast agent, said contrast agent 
binding to the target, concentrating in the target, and 
demonstrating magnetic field-dependent variation in 
MRI relaxation properties: 

a polarizing electromagnet disposable in relation to said 
housing and configured to generate a generally uniform, 
static, polarizing magnetic field within said bore; 

pulse generating coils configured to generate pulses in an 
MRI pulse sequence to scan the target in the presence of 
said generally uniform, static, polarizing magnetic field; 

gradient coils configured to encode acquired MRI signals, 
wherein said gradient coils are further configured to: 
shift the strength of the generally uniform, static, polar 

izing magnetic field generated by the polarizing elec 
tromagnet of said MRI machine in one of a positive 
direction and a negative direction to expose the target 
to one of an increased polarizing magnetic field and a 
decreased polarizing magnetic field prior to scanning 
in the presence of said generally static, uniform, 
polarizing magnetic field; and 

shift the strength of the generally uniform, static, polar 
izing magnetic field generated by the polarizing elec 
tromagnet of said MRI machine in the other of the 
positive direction and the negative direction to expose 
the target to the other of the increased polarizing 
magnetic field and the decreased polarizing magnetic 
field prior to Scanning in the presence of said gener 
ally uniform, polarizing magnetic field; and 

a computing device configured to subtract one acquired 
image of the acquired images from another acquired 
image of the acquired images to yield a difference image 
of the target. 

2. The MRI machine of claim 1, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
gradient coils generate a Substantially uniform positive 
magnetic field during the relaxation portion of the MRI 
pulse sequence, and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coils generate a Substantially uniform negative 
magnetic field during the relaxation portion of the MRI 
pulse sequence. 

3. The MRI machine of claim 1, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
gradient coils generate a varying magnetic field during 
the relaxation portion of the sequence, and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coils generate a varying negative magnetic field 
during the relaxation portion of the MRI pulse sequence. 

4. The MRI machine of claim 1, wherein the MRI pulse 
sequence is a spin-echo pulse sequence. 

5. A magnetic resonance imaging (MRI) method compris 
1ng: 

acquiring images of a target having a concentration of 
contrast agent using an MRI machine, said contrast 
agent binding to the target, concentrating in the target, 
and demonstrating magnetic field-dependent variation 
in MRI relaxation properties, said acquiring comprising: 
shifting the strength of a generally uniform, static, polar 

izing magnetic field generated by a polarizing elec 
tromagnet of said MRI machine in one of a positive 
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direction and a negative direction to expose the target 
to one of an increased polarizing magnetic field and a 
decreased polarizing magnetic field, 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by scanning the target using an 
MRI pulse sequence, 

then shifting the strength of the generally uniform, 
static, polarizing magnetic field generated by the 
polarizing electromagnet of said MRI machine in the 
other of the positive direction and the negative direc 
tion to expose the target to the other of the increased 
polarizing magnetic field and the decreased polariz 
ing magnetic field, and 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by scanning the target using the 
MRI pulse sequence; and 

Subtracting one acquired image from the acquired images 
from another acquired image of the acquired images to 
yield a difference image of the target. 

6. The method of claim 5, wherein the timing, magnitude, 
and duration of each polarizing magnetic field shift is chosen 
to maximize contrast of acquired images. 

7. The method of claim 5, wherein the strength of the 
generally uniform, static, polarizing magnetic field is shifted 
in the positive and negative directions by Substantially the 
Same amount. 

8. The method of claim 7, wherein the generally uniform, 
static, polarizing magnetic field is shifted using a gradient coil 
of the MRI machine. 

9. The method of claim 8, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
gradient coil generates a Substantially uniform positive 
magnetic field during the relaxation portion of the MRI 
pulse sequence, and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coil generates a Substantially uniform negative 
magnetic field during the relaxation portion of the MRI 
pulse sequence. 

10. The method of claim 8, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
gradient coil generates a varying positive magnetic field 
during the relaxation portion of the MRI pulse sequence, 
and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coil generates a varying negative magnetic field 
during the relaxation portion of the MRI pulse sequence. 

11. The method of claim 10, wherein the varying magnetic 
field generated by the gradient coil spatially varies during the 
relaxation portion of the MRI pulse sequence. 

12. The method of claim 10, wherein the varying magnetic 
field linearly varies during the relaxation portion of the MRI 
pulse sequence. 

13. The method of claim 10, further comprising offsetting 
the target from an iso-center of the MRI machine. 

14. The method of claim 13, wherein the target is offset 
along the longitudinal axis from the iso-center. 

15. The method of claim 13, wherein the target is offset 
with respect to more than one axis from the iso-center. 
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16. The method of claim 13, wherein the MRI pulse 
sequence is a spin-echo pulse sequence. 

17. The method of claim 5, wherein the MRI pulse 
sequence is a spin-echo pulse sequence. 

18. A magnetic resonance imaging method comprising: 
Scanning a target using an MRI machine, said target having 

a concentration of contrast agent, said contrast agent 
binding to the target, concentrating in the target, and 
demonstrating a magnetic field-dependent variation in 
MRI relaxation properties, said Scanning comprising: 
shifting the strength of a generally uniform, static, polar 

izing magnetic field generated by a polarizing elec 
tromagnet of said MRI machine in one of a positive 
direction and a negative direction to expose the target 
to one of an increased polarizing magnetic field and a 
decreased polarizing magnetic field, 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by scanning the target using an 
RF pulse sequence and sensing signals radiated by 
excited nuclei in the target in intervals between con 
secutive pulses of said RF pulse sequence, 

then shifting the strength of the static polarizing mag 
netic field generated by a polarizing electromagnet of 
said MRI machine in the other of the positive direc 
tion and the negative direction to expose the target to 
the other of the increased polarizing magnetic field 
and the decreased polarizing magnetic field, and 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by scanning the target using the 
RF pulse sequence and sensing signals radiated by 
excited nuclei in the target in intervals between con 
secutive pulses of said RF pulse sequence; 

normalizing the acquired images; and 
Subtracting one acquired image of the normalized acquired 

images from another acquired image of the normalized 
acquired images to yield a difference image of the target 
that is based substantially only on signals radiated from 
nuclei in the target to which the contrast agent is bound. 

19. The method of claim 18, wherein the timing, magni 
tude, and duration of each polarizing magnetic field shift is 
chosen to maximize contrast of the acquired images. 

20. The method of claim 18, wherein the strength of the 
generally uniform, static, polarizing magnetic field is shifted 
in the positive and negative directions by Substantially the 
Same amount. 

21. The method of claim 20, wherein the generally uni 
form, static, polarizing magnetic field is shifted using a gra 
dient coil of the MRI machine. 

22. The method of claim 21, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
gradient coil generates a Substantially uniform positive 
magnetic field during the relaxation portion of the MRI 
pulse sequence, and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coil generates a Substantially uniform negative 
magnetic field during the relaxation portion of the MRI 
pulse sequence. 

23. The method of claim 21, 
wherein during shifting of the generally uniform, static, 

polarizing magnetic field in the positive direction, the 
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gradient coil generates a varying positive magnetic field 
during the relaxation portion of the MRI pulse sequence, 
and 

wherein during shifting of the generally uniform, static, 
polarizing magnetic field in the negative direction, the 
gradient coil generates a varying negative magnetic field 
during the relaxation portion of the MRI pulse sequence. 

24. The method of claim 18, wherein the MRI pulse 
sequence is a spin-echo pulse sequence. 

25. The method of claim 18 wherein the strength of the 
static polarizing magnetic field is shifted in the positive and 
negative directions by the same amount. 

26. A magnetic resonance imaging (MRI) method com 
prising: 

acquiring images of target having an activatable contrast 
agent using an MRI machine, said contrastagent binding 
to target and having at least one of a high relaxivity slope 
and a high relaxivity slope enhancement ratio at agen 
erally uniform, static, polarizing magnetic field gener 
ated by apolarizing electromagnet of said MRI machine, 
wherein said acquiring comprises: 
shifting the strength of the generally uniform, static, 

polarizing magnetic field generated by the polarizing 
electromagnet of said MRI machine in one of a posi 
tive direction and a negative direction to expose the 
target to one of an increased polarizing magnetic field 
and a decreased polarizing magnetic field, 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by Scanning the target using an 
MRI pulse sequence, 

then shifting the strength of the static polarizing mag 
netic field of said MRI machine in the other of the 
positive direction and the negative direction to expose 
the target to the other of the increased polarizing 
magnetic field and the decreased polarizing magnetic 
field, and 

returning the polarizing magnetic field to its static 
strength and then acquiring an image of the target in 
the presence of said generally uniform, static, polar 
izing magnetic field by scanning the target using the 
MRI pulse sequence; 

normalizing the acquired images; and 
Subtracting one acquired image of the normalized acquired 

images from another acquired image of the normalized 
acquired images to yield a difference image of the target 
based on signals due to the activatable contrast agent. 

27. The method of claim 26, 
wherein the shifting steps respectively comprise shifting 

the strength of the generally uniform, static, polarizing 
magnetic field in the positive and negative directions by 
the same amount, and 

wherein the shifting steps respectively comprise shifting 
during a relaxation portion of the MRI pulse sequence. 

28. A magnetic resonance imaging (MRI) method com 
prising: 

acquiring images of a target having an introducible contrast 
agent using an MRI machine, said contrastagent binding 
to the target and demonstrating magnetic field-depen 
dent variation in MRI relaxation properties, said acquir 
ing comprising: 
shifting the strength of the generally uniform, static, 

polarizing magnetic field generated by a polarizing 
electromagnet of said MRI machine in one of a posi 
tive direction and a negative direction to expose the 
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target to one of an increased polarizing magnetic field the presence of said generally uniform, static, polar 
and a decreased polarizing magnetic field, izing magnetic field by scanning the target using the 

returning the polarizing magnetic field to its static MRI pulse sequence and sensing signals radiated by 
strength and then acquiring an image of the target in excited nuclei in the target in intervals between con 
the presence of said generally uniform, static, polar- 5 secutive pulses of said MRI pulse sequence, the vary 
izing magnetic field by scanning the target using an ing polarizing magnetic field highlighting the MRI 
MRI pulse sequence and sensing signals radiated by relaxation properties: 

normalizing the acquired images; and excited nuclei in the target in intervals between con- - 0 Subtracting one acquired image of the normalized acquired secutive pulses of said MRI pulse sequence, and 
then shifting the strength of the static polarizing mag- 10 images from another acquired image of the normalized 

netic field of said MRI machine in the other of the acquired images to yield a difference image of the target 
positive direction and the negative direction to expose that is sensitive to variations in the MRI relaxation prop 
the target to the other of the increased polarizi ert1es. - 
sNi fiS.d dia.eISTEINC; 29. The method of claim 28 wherein the strength of the 
field 15 static polarizing magnetic field is shifted in the positive and 

returning the polarizing magnetic field to its static negative directions by the same amount. 
strength and then acquiring an image of the target in ck k < k cic 
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